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The hemolytic uremic syndrome (HUS) is
a triad of microangiopathic hemolytic ane-
mia, thrombocytopenia, and renal impair-
ment. Genetic studies demonstrate that
heterozygous mutations of membrane co-
factor protein (MCP;CD46) predispose to
atypical HUS (aHUS), which is not associ-
ated with exposure to Shiga toxin (Stx).
Among the initial 25 MCP mutations in
patients with aHUS were 2, R69W and
A304V, that were expressed normally and
for which no dysfunction was found. The

R69W mutation is in complement control
protein module 2, while A304V is in the
hydrophobic transmembrane domain. In
addition to 3 patients with aHUS, the
A304V mutation was identified in 1 pa-
tient each with fatal Stx-HUS, the HELLP
(hemolysis, elevated liver enzymes, and
low platelets) syndrome, and glomerulo-
nephritis with C3 deposits. A major goal
was to assess if these putative mutations
lead to defective complement regulation.
Permanent cell lines expressing the mu-

tated proteins were complement “chal-
lenged,” and membrane control of C3
fragment deposition was monitored. Both
the R69W and A304V MCP mutations were
deficient in their ability to control the
alternative pathway of complement activa-
tion on a cell surface, illustrating the
importance of modeling transmembrane
proteins in situ. (Blood. 2008;111:624-632)

© 2008 by The American Society of Hematology

Introduction

The hemolytic uremic syndrome (HUS) is a triad of microangio-
pathic hemolytic anemia, thrombocytopenia and renal impairment.
Atypical HUS (aHUS) accounts for about 5% to 10% of all cases
and has a poor prognosis compared with HUS associated with
Shiga toxin (Stx) producing Escherichia coli.1 Genetic studies
indicate that heterozygous mutations of complement factor H
(CFH),2-6 membrane cofactor protein (MCP;CD46),7-11 and factor I
(CFI)9,10,12,13 predispose to aHUS.

MCP mutations are present in approximately 15% of patients
with aHUS.14 It is a widely expressed type I transmembrane
glycoprotein that binds to C3b and C4b deposited on the cell
surface on which it is expressed.15,16 MCP then serves as a cofactor
for factor I (FI), a serine protease in plasma, to inactivate C3b and
C4b by limited cleavage.17 The fragments remaining attached to the
target membrane, iC3b and C4d, do not participate in C3 and C5
convertase formation. Through this process, known as cofactor
activity, MCP is particularly important in controlling the amplifica-
tion loop of the alternative pathway (AP).18-22

The initial 25 mutations in MCP identified in aHUS have been
reviewed.14 About 50% of these mutations lead to proteins that are
not expressed, and thus the individual is haploinsufficient. In the
other major group, there is normal surface expression, but the
protein has a functional defect. We previously reported 2 MCP
mutations in patients with aHUS, R69W and A304V, in which no
apparent dysfunction was found in binding and cofactor stud-
ies.10,14 The R69W mutation is in complement control protein 2

(CCP 2), and A304V is in the transmembrane domain. The A304V
mutation has also been described in a form of glomerulonephritis
featuring almost exclusively deposits of C3 fragments.23 In this
report, we identified the A304V mutation in 2 other syndromes,
fatal Stx-HUS and the HELLP (hemolysis, elevated liver enzymes,
and low platelets) syndrome.

To further evaluate the function of R69W and A304V on the cell
surface, permanent cell lines expressing the mutated proteins were
established. Ligand binding and fluid phase cofactor activity assays over
a range of salt concentrations of solubilized cell extracts demonstrated
no defect. The cell lines were also challenged using a complement-
activating protocol in which the membrane control by MCP of this
process could be quantitatively assessed. In situ, both proteins were
deficient in their ability to control the AP of complement activation.

Methods

Approval for these studies was obtained from the Human Research
Protection Office (HRPO) of Washington University in St Louis, MO; the
Departement de la Recherche Clinique et du Developpement, Delegation
Regionale a la Recherche Clinique Ile de France, France; the Bioethics
Committee of province of Bergamo Azienda Sanitaria Locale della
Provincia di Bergamo, Italy; and the Northern and Yorkshire Multi-Centre
Research Ethics Committee, United Kingdom. Informed consent was
obtained in accordance with the Declaration of Helsinki.

Submitted April 10, 2007; accepted September 19, 2007. Prepublished online as
Blood First Edition paper, October 3, 2007; DOI 10.1182/blood-2007-04-084533.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2008 by The American Society of Hematology

624 BLOOD, 15 JANUARY 2008 � VOLUME 111, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/111/2/624/1220205/zh800208000624.pdf by guest on 29 M

ay 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2007-04-084533&domain=pdf&date_stamp=2008-01-15


MCP mutations

Previously reported patients with R69W and A304V MCP mutations are
noted (Tables 1,2). The unreported descriptions of the patients’ clinical
courses have been gathered through personal communication as indicated.
The mutants are numbered beginning with the first amino acid of the mature
protein. R69W was originally reported as R103T,9 but was subsequently
corrected to R103W.24 Their numbering system includes the 34-amino acid
leader sequence.

Mutagenesis, expression, and functional assessment

For mutagenesis and expression experiments, MCP isoform BC1 was used
as a template, and stable transfections were performed in Chinese hamster
ovary (CHO) K1 cells, as previously reported.7,11 CHO cells transfected
with MCP cDNA in a reverse orientation served as a control (CHO). MCP
expression was evaluated by enzyme-linked immunosorbent assay (ELISA),
Western blotting, and fluorescence-activated cell sorter (FACS).25 Ligand
binding, ELISA, and cofactor assays were performed on cell lysates as
described previously.25,26 In short, cells were lysed in phosphate-buffered
saline (PBS) containing 1% Nonidet P-40 (NP-40), 0.05% SDS, and 2 mM
phenylmethylsulfonyl fluoride. MCP has proven remarkably stable using
1% NP-40 while providing high yields15,17 (unpublished data, J.P.A.,
January 1985). Purified C3b and C4b (both from Complement Technology,
Tyler, TX) were coated on microtiter wells, and binding of MCP in the cell
lysates to these substrates were evaluated. MCP was detected with rabbit
anti-MCP antiserum (gift of Millennium Pharmaceuticals, Cambridge,
MA). For analysis of cofactor activity, biotinylated ligands were treated
with samples that contained MCP and purified FI (Quidel, San Diego, CA)
over a range of ionic strengths.25 The generation of cleavage fragments was
monitored by SDS-PAGE and then quantitated with a laser densitometer
using ChemiImager software (Alpha Innotech, San Leandro, CA).

Protein purification by affinity chromatography

A monoclonal Ab to MCP, TRA-2–10, was coupled to CNBr-activated
Sepharose 4B (GE Healthcare, Chalfont St Giles, United Kingdom).
Wild-type and mutant cell lysates (400 �L each) were incubated on a rotator
with 100 �L TRA-2–10–Sepharose for 30 minutes at 4°C. More than 90%
of MCP in the lysates bound to TRA-2–10–Sepharose. The beads were
washed twice with PBS (centrifuged at 420g for 3 minutes). MCP was
eluted with 50 mM ethylamine (pH 11.5). The eluates were neutralized with
75 �L/mL of 250 mM sodium acetate buffer (pH 4.6) before being
quantitated and functionally assessed.

Challenge assays

As previously described,21,22 cell lines stably expressing mutant and
wild-type MCP were sensitized with anti-CHO antibody (purified IgG) that
was prepared by a commercial vendor (Harlan, Indianapolis, IN) in rabbits
injected with CHO cells. After washing, cells were exposed to a source of
complement (usually human C7–deficient [C7d] serum) for the indicated
time points. To assess the magnitude of activation, mAbs to complement
fragments deposited after “challenge” were assessed by FACS.

Initiation of complement activation

Standard procedure for these complement challenge assays has been
described.21,22,27 Briefly, CHO cells were grown to approximately 80%
confluency and trypsinized (0.5 g trypsin and 0.2 g EDTA), washed in PBS,
and resuspended in 1% heat-inactivated fetal calf serum (FCS) in PBS
(FCS-PBS) at 4°C. Rabbit anti-CHO IgG was added to the cells with
mixing for 30 minutes at 4°C. After 2 washes with 1% FCS-PBS, C7d
serum (donated by P. Densen, University of Iowa, Iowa City) diluted in
gelatin veronal–buffered saline was added, and the mixture was incubated
at 37°C for up to 60 minutes. The C7d serum serves as a source of
complement components, but cell lysis is avoided. Untreated, Ab-sensitized
and serum-treated CHO cells served as controls.

To block the CP and allow for AP activation, gelatin veronal–buffered
saline containing 10 mM EGTA and 7 mM magnesium chloride (Mg2�-

EGTA) was used. EGTA preferentially chelates calcium, which is required
for C1 function and thereby abrogates the classical pathway. Cells were
harvested at indicated time points, and C4 and C3 fragment deposition was
monitored by FACS.

FACS analysis of complement fragment deposition

As previously reported,21 murine mAbs to the human complement compo-
nent fragments C4c, C4d, and C3d (Quidel) were added for 30 minutes at
4°C to the cell lines used in the challenge experiments. Next, the cells were
washed twice with 1% FCS-PBS followed by incubation with FITC-
conjugated goat anti-mouse IgG that had been preadsorbed with rabbit
serum-agarose and rabbit IgG-agarose (both from Sigma-Aldrich, St Louis,
MO) to remove cross-reactive material. Finally, cells were washed with 1%
FCS-PBS, fixed in 0.5% paraformaldehyde, and analyzed using a BD
Biosciences FACSCalibur system (Franklin Lakes, NJ).

Case reports

Selected parameters of these patients are presented in Tables 1 and 2.

R69W

Patients 1 and 2: R69W mutation in a family with MCP and CFI
mutations and the MCPggaac risk haplotype. Patient 1, previously
reported,9 is heterozygous for the R69W MCP mutation and N151S CFI
mutation. He is also homozygous for the MCPggaac haplotype which
increases the risk of developing aHUS approximately 2-fold. Patient 2, the
daughter of patient 1, also carries the CFI mutation and the MCPggaac risk
haplotype. In addition, she carries a second MCP mutation, c. 905-
925del21n, which causes a 7–amino acid deletion in CCP 4 on a separate
allele inherited from her mother. She has approximately 50% of the normal
expression level of MCP. The healthy mother of patient 2 carries the
c905-925del21n MCP mutation, and she also has approximately 50% of the
normal expression level of MCP. Since the R69W mutant protein is
normally expressed, the reduced expression in the patient is secondary to
the allele carrying the deletion.

Patients 3 and 4: R69W mutation in a family with MCP and CFI
mutations. In this French family with R69W MCP and P32A CFI
mutations, patient 3 is homozygous for the R69W mutation and has had
1 episode of aHUS during childhood. Patient 4, the daughter of patient 3, is
heterozygous for both the MCP and CFI mutation. This 8-year-old girl
developed aHUS at age 2 years, with recurrences at ages 5 and 7 years.
After each episode, she has had complete recovery of renal function.

A304V

Patient 5: A304V MCP mutation in a patient with aHUS. This 13-year-
old girl, beginning at age 6 years, has had 5 episodes of aHUS that appear to
be triggered by upper airway infections.10 Each resolved without plasma
exchange. Renal function is normal, but she has persistent proteinuria.

Patient 6: A304V MCP mutations in a family with aHUS. This
7-year-old boy developed aHUS at age 11 months of age that was managed
with plasma treatment. Multiple recurrences were similarly treated but the
patient progressed to ESRD by age 7 years. No mutations were identified in
CFH or in CFI, but a heterozygous A304V mutation was detected in MCP.
His healthy father shares this abnormality.

Patient 7: A304V MCP mutation in a patient with aHUS/TTP.
A 63-year-old man presented with the acute onset of dysphagia, confusion, and
tunnel vision. At 2 weeks prior, he had paresthesias in both arms. On admission,
he was anemic (hemoglobin, 97 g/L), thrombocytopenic (platelet count, 29 � 109/
L) and in acute renal failure (creatinine, 167.96 �M). Lactate dehydrogenase was
increased to 1084 U/L (� 460 U/L), reticulocyte count was 8.9%, and haptoglo-
bin was less than 0.4 g/L (.1-.3 g/L). Peripheral blood smear showed fragmented
erythrocytes. A diagnosis of aHUS or thrombotic thrombocytopenic purpura
(TTP) was suspected, and he was treated with fresh frozen plasma (FFP) for
21 days, and dexamethasone, azathioprine, and 1 dose of rituximab. He relapsed
4 days after stopping FFP, and had plasma exchange daily for another
8 days. At 8 days later, he again relapsed and was treated with FFP 5 U daily for
5 more days. The abnormal hematologic parameters resolved. The patient was
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treated with azathioprine for 6 months. He currently has normal renal function.
This patient also carries a P553S mutation in CFI. This patient could be classified
as having TTP. Antibodies to ADAMST13 were not measured, and the presence
of mutations in MCP and CFI point more toward aHUS.

Patient 8: A304V MCP mutation in a fatal case of Stx-HUS.
A 4-year-old previously healthy girl was admitted to the hospital because of
hemorrhagic colitis, seizures, and anuria. One week earlier, the brother had
had nonbloody diarrhea without fever. There was no family history of HUS,
and the patient’s parents were unrelated. On admission, she was anemic
(hemoglobin, 50 g/L [5 g/dL]; hematocrit, 14.8%), thrombocytopenic
(platelet count, 52 � 109/L), and in acute renal failure (creatinine,
424.32 �M [4.8 mg/dL]). Serum lactate dehydrogenase was increased at
4198 U/L (� 460 U/L). A diagnosis of HUS was suspected, and hemodialy-
sis was initiated. She also received multiple blood and plasma exchanges
and was treated with diuretics and antiepileptics. The patient’s condition
rapidly deteriorated. She became comatose and developed respiratory
insufficiency, requiring mechanical ventilation. Anasarca, bilateral pleural
effusions, and ascites necessitated pulmonary and abdominal drainage
procedures and hemodialysis. The patient died 4 days after admission with a
multiorgan failure syndrome. At autopsy, she had a thrombotic microangi-
opathy with ischemic-hemorrhagic necrosis of the kidneys, intestine, lungs,
and myocardium. There was an acute enteritis and cerebral edema with
prominent perivascular microhemorrhages. In the patient’s stool specimen,
a Stx-producing E coli (STEC) strain of serotype O55 was isolated. The
patient and her parents were screened for CFH, MCP, and CFI gene
mutations. No mutations were identified in CFH or in CFI, but a
heterozygous A304V mutation was detected in MCP. The father is a carrier
but has not had aHUS. Serum complement profile demonstrated a low C3 of
.65 g/L (.66-1.25 g/L) and a borderline low C4 of .14 g/L (.093-.38 g/L).

Patient 9: A304V MCP mutation in a patient with chronic renal
failure following HELLP. A 30-year-old female had HELLP syndrome
during a second pregnancy after an uncomplicated first pregnancy. She
developed chronic renal failure 1 year later.

Patient 10: A304V MCP mutation in a patient with glomerulonephri-
tis featuring isolated C3 deposits. This individual (patient 7 in Servais et
al23) is a 22-year-old male with hypertension, hematuria, and mild
proteinuria (300-400 mg of total protein/24 hours). A kidney biopsy showed
glomerulonephritis with isolated C3 deposits but not HUS. He is also
heterozygous for V181M mutation in MCP.

Results

A major goal of this investigation was to assess the complement
regulatory capability of the R69W and A304V mutations in MCP.
R69W is in CCP 2 and is solvent exposed (Figure 1A,B). CCPs 2, 3, and
4 are required for C3b and C4b binding and cofactor activity. A304V is
found in the transmembrane domain (Figure 1A-C). We had previously
shown, using a transient transfection system, that both mutants were
expressed normally and migrated identically to wild type on SDS-
PAGE.10,14 We also demonstrated, using our standard screening low-
ionic-strength conditions, that R69W andA304V bound C3b and C4b in
an ELISA-based system comparable with wild type.10,14 In addition, in
fluid phase experiments, the cofactor activity of both R69W andA304V
was similar to that of wild type.14

Figure 2. Expression profile and electrophoretic mo-
bility of R69W and A304V mutants. (A) Flow cytometry
of MCP expression on CHO cell lines. Stable transfec-
tants R69W and A304V express similar copy number of
MCP/cell (approximately 100 000) compared with wild
type. (B) Western blot of these same CHO cell lysates
probed with a rabbit polyclonal Ab to MCP. R69W and
A304V have similar Mr to wild type. Representative
experiment of 3.

Figure 1. MCP structure. (A) Schematic diagram of
protein structure. R69W mutation is in CCP 2. The A304V
mutation is in the transmembrane domain. (B) Crystal
structure of CCP 2 highlighting the location of R69W.
(C) Helical wheel diagram of predicted segments and
transmembrane representation by SOSUI (http://bp.
nuap.nagoya-u.ac.jp/sosui) of A304V MCP mutation ver-
sus that of wild type. Yellow arrows indicate mutation of
MCP at position 304 from alanine (left) to valine (right).
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Preparation of stable CHO cell lines

Stable CHO lines were prepared expressing wild type and the
2 mutant proteins at approximately 100 000 copies/cell, as deter-
mined by ELISA. R69W and A304V mutants were also shown to
be expressed in equal copy number by FACS and to migrate in
SDS-PAGE comparable with wild type (Figure 2A,B). These
FACS and Western blot results are consistent with those using a
transient transfection system.10,14

C3b and C4b binding

Transient and permanent CHO cell lines were lysed, and the quantity of
MCP expressed was quantitated. Next, the activity of the mutant MCPs
was compared with wild type in ELISA-based C3b- and C4b-binding
assays over a range of ionic strengths (25, 50, and 100 mM NaCl). At
100 mM or higher concentrations of NaCl, neither the mutants nor
wild-type MCP bound sufficient C3b or C4b for a reliable comparison
(data not shown). The R69W mutant protein had similar C3b- and
C4b-binding activity to wild type at 25 mM (Figure S1, available on the
Blood website; see the Supplemental Materials link at the top of the
online article) and 50 mM (Figure 3) salt concentration. Although in
prior published studies, there was a modest reduction in A304V mutant
binding (84% � 6% for C3b and 82% � 6% for C4b, with wild type

being set at 100%),10 repeat studies at 25 mM (Figure S1) and 50 mM
(Figure 3) salt concentration showed similar binding of A304V com-
pared with wild type for C3b and C4b. Studies using wild-type and
mutant R69W and A304V proteins obtained following purification also
showed no detectable differences in ligand-binding activity (Figure S2).

C3b and C4b cofactor activity

Cofactor activity for C3b and C4b in fluid phase assays was tested
at increasing ionic strengths in kinetic assays. At 5-, 10-, 15-, 30-,
45-, and 90-minute time points for each of 3 salt concentrations
(25, 50, and 100 mM), no reproducible difference was demon-
strable in C3b or C4b cofactor activity between the 2 mutants and
wild type. For example, for the C3b cofactor assay at 90 minutes,
the loss of �� chain was evaluated relative to the � chain, and
activity was designated as a percentage of wild type. Both mutants
had similar cofactor to wild type (98% � 7.5% and 108% � 10.9%,
respectively). The electrophoretic mobility of bands produced by
the mutants and wild type was also the same. In some cases, as the
representative results at 50 mM NaCl for 90 minutes show in
Figure 4, 1 of the mutants appears to be more efficient, but this is
not reproducibly observed in kinetic analyses.

Figure 4. Analysis of C3b and C4b cofactor activity.
Lysates of CHO cells expressing R69W, A304V, or
wild-type MCP were incubated at 50 mM NaCl for
90 minutes with C3b or C4b and factor I. Cleavage of the
�� chain and generation of the �1 and �2 by the mutants
are comparable with that of wild type. For the Western
blot C3b cofactor activity (A), �� and � represent the 2
chains of C3b. �1 corresponds to the larger proteolytic
product of the �� chain of C3b. The bottom portion of
panel A is a 3-fold longer exposure of the same gel to
show the smaller �2. SDS-PAGE, 10% gel, reducing
conditions. Representative experiment of 3. For the
Western blot of C4b cofactor activity (B), cleavage frag-
ments C4d and �4 are similar between the mutants and
wild type. The �3 is poorly biotinylated and not seen. The
light band at approximately 60 kDa is most likely C4d (45
kDa) � �4 (15 kDa) and again is similar for the mutants in
comparison with wild type. SDS-PAGE, 4% to 10% gel,
reducing conditions. Representative experiment of 3.

Figure 3. Analysis of MCP binding to C3b and C4b. C3b and C4b binding assays were performed at 25 mM (Figure S1) and 50 mM (shown here) salt concentration. CHO
cell lysates (5 � 106 to 25 � 106 MCP molecules as measured by ELISA) of R69W, A304V, and wild type from both transient transfections and stable cell lines were used. Data
represent means (� SD) for 4 experiments at 50 mM.
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Complement challenge assays

To further assess the role of the 2 mutants versus wild-type MCP,
AP of complement was activated on CHO cell lines. The quantity
of sensitizing antibody and the serum concentration were varied. To
monitor the magnitude of complement activation, the deposited
C3b and its cleavage fragments were assessed by FACS. In the
absence of a sensitizing antibody, there is no spontaneous activa-
tion of AP, and thus no C3d is deposited (Figure S3).

Under routinely used conditions to activate the AP (1.0 mg/mL
anti-CHO antibody and 10% serum21,22; Figure 5; Table 3), the
R69W mutant did not inhibit C3d deposition as efficiently as
wild-type MCP. For example, at 1, 4, and 8 mg/mL of anti-CHO
Ab, mean fluorescence intensity (MFI) for C3 fragment deposition
was 30, 49, and 59 for R69W compared with 14, 25, and 32 for wild
type, respectively. Increasing the serum concentration to 30%
further pointed out the regulatory defect of R69W, as the differ-
ences between the R69W MCP mutant and wild type (Figure 5;
Table 3) were magnified. Increasing the serum concentration to
30% and the sensitizing antibody level to 4 mg/mL (or greater), the
protection against C3b deposition by R69W MCP mutant was similar to
control CHO cells lacking MCP. Under the same conditions, wild-type
MCP offered substantial protection (reduced C3 binding by approxi-
mately 52%). We conclude that R69W is defective in its capacity to
control complement activation on the cell surface.

We next evaluated the A304V mutant. The A304V MCP mutant
was comparable with wild type in protecting against C3b deposi-
tion if challenged with 1.0 mg/mL anti-CHO antibody and 10%
serum (Figure 6; Table 4). However, a functional defect in A304V
was observed with increasing serum and antibody concentrations.
The A304V MCP mutant allowed more C3b deposition than wild
type at anti-CHO antibody concentration of 4 mg/mL (MFI of
anti-C3d Ab was 26 for A304V and 19 for wild type) or if the serum
concentration was increased to 30% (41 for A304V and 20 for wild
type; Figure 6; Table 4). We conclude that A304V also showed a
reduced ability to regulate complement activation in situ.

Kinetic study of C4b cleavage

In our challenge assay system, MCP serves as the cofactor for the
cleavage of C4b deposited on CHO cells.21 C4b cleavage was not
detected on CHO cells lacking MCP, despite the presence of C4
binding protein in the serum. Over approximately 40 minutes, the
majority of C4b was progressively cleaved to C4c and C4d by
MCP and FI.21 In order for C4b cofactor activity to occur on the cell
surface, endogenous MCP must locate and bind this cell-surface–
bound ligand and then, in conjunction with FI, cleave the C4b.

Comparison of the A304V MCP mutant and wild type at 5, 10,
15, 20, and 25 minutes demonstrated no difference in the rate of
cleavage of C4b (Figure 7). In 3 experiments at 60 minutes, the
percentage of C4b cleaved by A304V versus wild type was 70%
(� 1%) and 60% (� 9%), respectively (data not shown). Similar
data were obtained for the R69W mutant (data not shown). In
contrast to membrane-bound C4b being degraded by MCP, factor H
(and not MCP) cleaves bound C3b.21 These data establish that the
ability of A304V and R69W proteins embedded in the membrane to
locate C4b on the cell membrane and serve as a cofactor for its
degradation are comparable with that of wild type.

Discussion

In the initial set of expression and functional assessments,10,14 a
deficiency of complement regulatory activity was not observed for the
R69W and A304V MCP mutant proteins derived from transient
transfections. These assays were performed at low salt concentrations
using C3b or C4b on plates (ELISA) or in the fluid phase. In this report,
stable cell lines with equivalent expression levels of these 2 MCP
mutants and wild type were created. Using higher salt concentrations in
the same assay systems, the R69W and A304V mutants still had no
detectable differences in ligand binding or cofactor activity versus wild
type. MCP, however, is expressed as a transmembrane protein. In this
location, it prevents amplification of the AP feedback loop on the same
cell on which it is expressed (intrinsic cofactor activation).16 MCP is

Table 3. MFI of FACS analysis in Figure 5 at 10% or 30% serum

10% serum 30% serum

1
mg/mL

4
mg/mL

8.3
mg/mL

1
mg/mL

4
mg/mL

8.3
mg/mL

WT 14 25 32 45 65 84

R69W 30 49 59 109 141 151

CHO 165 228 234 181 150 209

Figure 5. Comparison of R69W mutant versus wild-
type MCP in inhibiting the alternative complement
pathway. FACS analysis of C3d deposition using 1, 4, or
8.3 mg/mL of sensitizing Ab with 10% or 30% C7d serum
for 60 minutes in Mg2�-EGTA. Representative experi-
ment of 3. See Table 3 for MFIs.
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thought to “scan” the cell membrane in order to find, bind, and then
serve as a cofactor for FI to cleave C3b. To mimic this situation, these
cell lines were “challenged” with an AP activating system. Both the
R69W and the A304V MCP mutants allowed substantial more C3b
deposition than did wild type. Thus, in situ, both mutants are defective in
their ability to control the alternative complement pathway.

R69W mutation

Whether or not the R69W mutant would have a functional consequence
was also unclear, because the original 2 families carrying this mutation
had a second complement regulatory protein defect that could have
accounted for the aHUS phenotype. CFI mutations are found in
approximately 10% of patients with aHUS.9,10,12,13 The N151S (patients
1 and 2) and P32A (patient 4) mutations, however, have not been
characterized as to their functional consequences. Further, patients 1 and
2 have additional potential predisposing alterations in their complement
regulatory genes: the MCPggaac SNP haplotype and another MCP
mutation, c.905-925del21n. The MCPggaac SNPhaplotype may reduce
transcription activity of the MCP promoter.9 The MCP mutation
c.905-925del21n produces a 7-amino acid deletion in CCP 4, likely
interfering with folding and transport of MCP to the cell membrane. The
50% reduction in MCP levels of patient 2 and her healthy mother is
probably due to the c.905-925del21n mutation, as the R69W mutation
does not alter MCP expression9,14 (also this report).

A concurrence of different susceptibility alleles affecting comple-
ment regulator expression has been previously shown to influence
predisposition to aHUS.28 Likewise, in the first family described in
this paper, patient 1 had both the R69W MCP mutation and the
N151S CFI mutation. The daughter of patient 1 (patient 2) also has
aHUS, as she inherited her father’s mutations as well as an
additional risk factor from her unaffected mother. No member of
this family had the R69W mutation alone.

The second family has 1 member (patient 3) with the R69W
mutation, without other defects. He is, though, homozygous for the
R69W mutation, and manifested aHUS as a child but with no
recurrences. The daughter of patient 3 (patient 4) is heterozygous
for R69W but also has the P32A CFI mutation, possibly explaining
why she has recurrent aHUS. These data further illustrate that
multiple mutations of complement regulatory genes may be present and
suggest that they are additive in predisposing to aHUS. They also may
help to explain the incomplete penetrance of aHUS in carriers.

Unlike the majority of MCP mutations associated with aHUS,
evaluation of R69W uncovered no expression profile defect and no
reduction in binding or cofactor activity assays. Only when testing the
mutant protein in situ was the defect in regulation of theAPelicited. This

illustrates the importance of modeling transmembrane proteins on a cell
surface to demonstrate the dysfunctional regulatory activity. Residue 69
is solvent exposed, so a mutation from a polar to a hydrophobic amino
acid is likely to alter its interaction with ligands. That the R69 amino acid
is an important residue is also supported by it being part of the measles
virus binding site29 and a contact-forming residue for adenovirus type
11.30 A viral pathogen would more likely choose as its binding site a
region of the protein that is functionally important and therefore conserved.

A304V mutation

Relative to the A304V mutation, it seemed a priori unlikely that
such a conservative substitution in the transmembrane domain
would affect its binding in solution to C3b and C4b. This was
confirmed, as ligand binding activity was assessed at 3 ionic
strengths, and no detectable differences in C3b or C4b binding
were identified. In kinetic assays, fluid phase cofactor activity also
did not differ between the A304V mutant and wild type. In contrast,
the mutant protein was defective in its regulatory activity when
embedded in the cell membrane. The mechanism underlying this
loss of function remains to be defined.

Delineating the dysfunctional in situ cofactor activity of the
A304V mutation may help us better understand MCP’s role in the
pathophysiology of the HUS syndrome and related conditions. The
A304V mutation has now been found in 4 types of patients
featuring renal pathology: aHUS, fatal Stx-HUS, HELLP, and
glomerulonephritis with C3 deposits. All but the last share patho-
logic features of endothelial cell injury and thrombosis in the
microcirculation. In aHUS, cofactor activity for C3b, provided by
FI in conjunction with factor H or MCP, is necessary for endothelial
cell protection in the kidney microvasculature. Being haploinsuffi-
cient is inadequate to protect against microthrombi formation in the
setting of a renal endothelial cell injury.

Fatal Stx-HUS

Most children with Stx-HUS recover with supportive care. Fewer than
5% of patients die during the acute phase of Stx-HUS.31 This child is the
first example we are aware of to have an MCP mutation with fatal
Stx-HUS. The case further supports a “2-hit” model for disease
expression in aHUS; in other words, a mutated complement regulator is
predisposing, and a trigger, probably less injurious than the Shiga toxin,
combine to initiate the disease. The Stx-HUS is sufficiently damaging to
the renal endothelium as to not require a complement regulatory protein
deficiency for disease development. HUS related to Shiga toxin is an
uncommon disease, usually occurring in epidemic fashion. Mutations in

Figure 6. Comparison of A304V mutant versus wild-
type MCP in inhibiting the alternative pathway. FACS
analysis of C3d deposition using 1, 4, or 8.3 mg/mL of
sensitizing Ab with 10% or 30% C7d serum for 60 minutes
in Mg2�-EGTA. Representative experiment of 3. See
Table 4 for MFIs.
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CFH, CFI, or MCP are rare. The unlikely consequence of these
conditions coming together, though, was a lethal case of HUS with a
multiorgan failure syndrome. If a patient presents with a severe case of
Stx-HUS, a search for a deficiency in a complement regulatory protein
may be warranted.

HELLP

Pregnancy in patients with mutations in the complement regulatory
proteins has been a precipitating factor in aHUS.10,12,13,32 Our report
highlights an association with an MCP mutation and the HELLP
syndrome. Unfortunately, the clinical details regarding patient 9 are
limited. Preeclampsia, eclampsia, the HELLP syndrome, and HUS
share clinical manifestations, and their distinction may be diffi-
cult.33 Nevertheless, a search for complement regulatory proteins in
the HELLP syndrome may be warranted. Pregnancy and its
prothrombotic state may provide the predisposing factor that can
provoke an acute episode in a susceptible woman, such as one with
a deficiency in a complement regulatory protein.

Glomerulonephritis with C3 deposits

The phenotype of patient 10 with glomerulonephritis and C3 deposits
could also be explained by the V181M mutation or a combined effect
with A304V. The V181M change lies near an area of importance for
MCP binding and cofactor activity.26 However, transient transfections of
the V181M MCP mutant showed normal expression with no alterations
in C3b or C4b binding and cofactor activity compared with wild type
(Table 2). This patient had a primary glomerulonephritis characterized

by isolated mesangial C3 deposits as well as features of type I
membranoproliferative glomerulonephritis.23

Conclusions

The syndromes associated with the A304V mutations are character-
ized by some common features and possibly represent an overlap-
ping spectrum of disease. They are probably triggered by an
environmental factor (Shiga toxin, infections) or internally (preg-
nancy) that induce complement activation secondary to an endothe-
lial insult. In these situations, defective MCP on glomerular
endothelial cells does not adequately protect against complement
activation. An endothelial injury state followed by excessive
complement AP activation results in a prothrombotic microvascu-
lar environment, clot formation, and renal injury. This suboptimal
MCP activity, though, appears sufficient to protect the host from
complement activation under other conditions.

Future studies to address how these 2 mutants are deficient in
their ability to control the AP are under way. Perhaps both of these
mutations, 1 solvent exposed and the other in the membrane, affect
MCP’s interaction with other proteins, including itself. In support
of MCP oligomerization is the crystal structure of CCP 1 and CCP
2, which was a trimer.29 MCP and DAF synergize in their
complement regulatory activity, preventing C3b deposition on the
cell surface.34 How MCP and DAF communicate and interact are
unknown. MCP is also known to be associated with integrins35-37

and upon cross-linking to signal.38,39 Observing how these
2 mutants signal, cycle, and inhibit complement activation on
human endothelial cells may provide additional insights.
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